Synthetic pigments have been widely used in various applications since the 1980s. However, the hyperallergenicity or carcinogenicity effects of synthetic dyes have led to the increased research on natural pigments. Among the natural resources, bacterial pigments are a good alternative to synthetic pigments because of their significant properties. Bacterial pigments are also one of the emerging fields of research since it offers promising opportunities for different applications. Besides its use as safe coloring agents in the cosmetic and food industry, bacterial pigments also possess biological properties such as antimicrobial, antiviral, antioxidant and anticancer activities. This review article highlights the various types of bacterial pigments, the latest studies on the discovery of bacterial pigments and the therapeutic insights of these bacterial pigments which hopefully provides useful information, guidance and improvement in future study.
Colors are being added to products for aesthetic purposes and to allure consumers. The use of pigments as coloring agents in food, clothing and cosmetics are common practices in the industry. Since the 1850s, synthetic coloring agents had been widely used due to its ease of production, less expensive, superior coloring properties and low amounts needed for coloring [1, 2] . However, it was later found that these synthetic coloring agents were toxic and had caused adverse effects towards human health and the environment. Some synthetic coloring agents which were originally approved by the Food and Drug Administration (FDA) for use were later found to promote cancer and hyperactive in children thus had been withdrawn from use due to their apparent hazards [2, 3] . Knowing the drawbacks of these synthetic coloring agents, consumers in recent years have become increasingly aware of the artificial coloring agents being added into their food and thus, require their food to be as 'natural' as possible [1] . There is a need for naturally derived coloring agents to be used and this had led to an increased demand for naturally derived pigments.
The major sources for natural pigments are plants and microorganisms, including bacteria and fungi. These pigments are not only used for coloring agents in the cosmetic and food industry but have also been reported to possess biological properties such as antimicrobial, antiviral, antioxidant and anticancer activities [4] [5] [6] [7] . Currently, many natural pigments have been extracted from microorganisms. The use of microorganisms for pigment production has several advantages including stability of the pigments produced, availability of the cultivation technology, easy downstream processing and more cost effective [8] . Thus, microorganisms provide a readily available alternate source of naturally derived pigments. However, this review will only focus on naturally derived pigments from various bacteria species and the applications of bacterial pigments as therapeutic agents.
Bacterial pigments
Bacteria has a short life cycle and because its use provides ease in genetic modification processes [9] , bacteria can be a good alternative source for synthetic pigment production. In addition, bacterial pigments have better biodegradability and higher compatibility with the environment. However, comparing to fungal pigments, most bacterial pigments are still at the research and development stages [10] . Like fungi, bacteria produce pigments such as melanin, carotenoids, pyocyanin, bacteriochlorophylls, violacein, prodigiosin, and monascins. However, carotenoids are the most widely observed and studied.
Pigment producing bacteria are ubiquitous not only in marine [11, 12] and different soil environments [13, 14] but can also be found in extreme environments such as the desert sands [15] and salt regions [16] . Moreover, pigments producing bacteria were also reported to be isolated from organic residues [17] , spoiled fruits and vegetables, damping site and industrial effluent [18] , endophytes [19] and dried seafood [20] . Some bacteria that can produce pigments in high yields include the strain of Achromobacter, Serratia, Sarcina, Thialkalivibrio and Bacillus sp. However, most of the pigment producing bacteria are actinobacteria, which includes the genus of Streptomyces, Nocardia, Micromonospora, Thermomonospora, Actinoplanes, Microbispora, Streptosporangium, Actinomadura, Rhodococcus, and Kitasatospora. Compared to other actinobacteria genera, Streptomyces has been reported as the largest genus that can produce different color pigments. Examples are such as Streptomyces shaanxiensis [21] , Streptomyces griseoviridis and Streptomyces coelicolor [22] .
In nature, pigments are synthesized in microorganisms as secondary metabolites and are not often found in all types of microorganisms [23] . Pigments produced by bacteria are important for protection against ultraviolet radiation, oxidants, extreme temperature and desiccation [24] . Pigments also act as antimicrobials against other bacteria [25] and sometimes as bacterial shields against natural antimicrobial compounds produced by other bacteria [26] . In certain conditions, pigments are used to gain nutrients [27] and in Cyanobacteria, helps cells to gain energy by photosynthesis [28] .
Types of bacterial pigment
Carotenoids: Carotenoids are one of the main natural pigments found widely in plant and microorganisms. These pigments are lipid soluble, occurs in yellow-orange-red color and belongs to the isoprenoid polyenes [29] . In bacteria, carotenoid may play a role in the modulation of membrane fluidity to survive under low temperature conditions. Carotenoid also provides protection to bacterial cells by absorbing or screening UV radiation [30] .
Canthaxanthin is a carotenoid with orange-pink color and was first isolated from Micrococcus roseus [31] while echinenone, an orange carotenoid also obtained from the same bacteria was later identified in 1970 [32] . Besides that, an extremely halophillic bacteria, Haloferax alexandrines and a photosynthetic bacterium, Bradyrhizobium sp. also can produce dark-red canthaxanthin. Astaxanthin, a red or oxygenated carotenoid [33] , is one of the most abundant marine pigment and cannot be synthesized by animals. It is a naturally lipid-soluble pigment that is mostly found in marine water bacteria such as Halobacterium sp., Brevundimonas sp. strain SD212, Paracoccus species, Micrococcus sp. strain PAH83, Altererythrobacter ishigakiensis, and Sphingomicrobium astaxanthinifaciens. However, astaxanthin was also obtained in non-marine bacteria such as Sphingomonas sp. from cold storage.
Staphyloxanthin, an orange membrane-bound carotenoid found in Staphylococcus aureus gives gold color to cells and acts as a virulence factor for the bacteria itself [34] . Xanthomonas oryzae pv. Oryzae is a causal agent of a rice plant disease called bacterial leaf blight, and produces yellow membrane bound and brominated aryl-polyene pigments [35] . However, the presence of a unique class of carotenoids known as xanthomonadins has led them to be used as diagnostics. Flexirubin, first isolated in 1974 from an aerobic Gram-negative gliding bacterium, Chitinophaga filiformis (previously known as Flexibacter elegans) is a unique type of bacterial pigment with terminal alkyl substitution consisting of ω-phenyl octaenic acid chromophore esterified with resorcinol [36] . Flexirubin has a restricted distribution among bacteria and has been used as chemotaxonomic markers for the Bacteroidetes phylum, previously called the Cytophaga-Flavobacterium-Bacteroides group [37] .
Prodigiosin: Prodigiosin is a linear tripyrrole and a red pigment secondary metabolite. It was first extracted from Serratia marcescens [38] . It is sensitive to light and insoluble in water, but soluble in alcohol and ether such as methanol, chloroform and acetonitrile [39] . In nature, prodigiosin is produced only in the later stages of bacterial growth [40] . Prodigiosin is produced in Gram negative bacteria such as Pseudomonas magnesiorubra, Serratia rubidaea, Alteromonas rubra, Vibrio gazogenes, Zooshikella rubidus, and Hahella chejuensis. Some actinobacteria producing prodigiosin include Streptomyces griseoviridi, Streptomyces sp. JS520, and Streptoverticillium rubrireticuli. Prodigiosin has no defined role in the physiology of producing strains [22] but have been reported to have different in vitro bioactivities.
Melanin:
Melanin are dark colored natural pigments, formed due to polymerized phenolic and/or indolic compounds [41] . Melanin can be classified into three classes based on color and structure (i) eumelanins (black brown), (ii) pheomelanins (red or yellow) and (iii) allomelanins (dark brown to black). This pigment is found widely dispersed in animals, plants and microorganisms. Research on melanin producing bacteria has been reported and some examples include Vibrio cholerae and Shewanella colwelliana, where they produce pyomelanin due to the catabolism of tyrosine via the tyrosine degradation pathway. Marine bacteria such as Aeromonas salmonicida and Alteromonas nigrifaciens produces melanin in vivo with the help of the tyrosine precursor [42] . Moreover, Proteobacteria such as Marinomonas mediterranea and Actinobacteria such as Streptomyces kathirae and Streptomyces lusitanus DMZ-3 were also able to produce melanin.
In V. cholera, melanin is induced in response to environmental conditions [43] [44] [45] . Naturally, melanin is not considered essential for growth and development of some microorganisms but are required to enhance their ability to compete and survive in unfavorable environmental conditions [46] . Melanin acts as a protective agent against thermal, desiccation, hyperosmotic shock, chemicals (oxidizing agents and heavy metals), and cell damage by solar UV radiation [47] . Moreover, in some pathogenic bacteria, melanisation becomes a virulence factor since melanin protects bacterial cells from defense mechanism in the infected host [48, 49] .
Violacein: Violacein is a water-insoluble violet or purple pigment found in Chromobacterium violaceum, first isolated from the Amazon River in Brazil [50] . This pigment can also be found in bacteria from different environments as listed in Table 1 . Various studies have shown that violacein possesses different bio-activities such as antimicrobial, anticancer, antiviral and anti-ulcerogenic activities. It has also become a useful indicator of quorum sensing due to its ease of visualization [51] . In nature, violacein might be responsible for protection against UV radiation [52] .
Pyocyanin:
In nature, the human pathogen Pseudomonas aeruginosa can be found in terrestrial and aquatic environments, and it can cause serious infection. The most characteristic feature of P. aeruginosa is the production of the soluble pigment known as pyocyanin [60] . Pyocyanin is a blue green pigment and is composed of two subunits of N-methyl-1-hydroxyphenazine [61] . Studies have revealed that phenazines contributes to the virulence of P. aeruginosa and pyocyanin is the main phenazine produced by P. aeruginosa and has been shown to contribute to the unusual persistence of P. aeruginosa infections [62] . Even though P. aeruginosa is well known for its association with chronic infections in cystic fibrosis and wound infections due to burns, P. aeruginosa also can produce pigments with useful bio-activities. As mentioned earlier, besides as coloring agents, pigments have also been reported to possess various biological properties. Therefore, the following sections will focus on the studies and research done on therapeutic applications of bacterial pigments.
Bacterial pigments as antimicrobial agents
Earlier in the 1900, infectious diseases were the main cause of human deaths worldwide [63] . However, in recent years, infectious diseases had become the second major cause of death globally and
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Antimicrobial activity of prodigiosin: Another well-known pigment to have an antimicrobial effect is prodigiosin. Bacillus subtilis and E. coli treated with the red pigment prodigiosin extracted from Vibrio ruber DSM 14379 have shown that prodigiosin can act as a bacteriostatic agent [67] . Similar results were obtained where the prodigiosin extracted from S. marcescens UFPEDA 398 showed bactericidal and bacteriostatic effects against oxacillin-resistant S. aureus [68] . Moreover, prodigiosin produced intercellularly by marine S. marcescens IBRL USM 84 was able to inhibit the growth of 13 tested bacteria, in which a majority were Gram positive bacteria [69] . Antimicrobial study of prodigiosin by Suryawanshi suggested that the pigment had strongly inhibited the growth of Candida albicans, E. coli and S. aureus, and caused severe leakage of intracellular substances in S. aureus [70] . Another antimicrobial study of prodigiosin demonstrated good antimicrobial effect against several pathogens tested, which includes S. pyogenes, Klebsiella pneumoniae, S. aureus and P. aeruginosa [71] . The deep redpigment undecylprodigiosin produced by Streptomyces sp. JS520 had also been reported to possess good antimicrobial activities against Bacillus, Micrococcus sp. and C. albicans [72] .
To maximize the production of prodigiosin, the fermentation media was supplemented with maltose, peptone, silica gel, iron salts, and inorganic phosphate. The pigment produced from the modified media showed potent inhibition effect against the growth of S. aureus, B. cereus, C. albicans, Candida parapsilosis and Cryptococcus sp. [73] . Furthermore, the antimicrobial effect was stable under different temperatures and pH. The use of the methanolic extract of prodigiosin showed good antimicrobial activities against Gram negative pathogens and clinical fungal isolates such as C. albicans and Cryptococcus neoformans. Despite a considerable interest in prodigiosin, the mechanism of its antimicrobial activity is still poorly understood [74] .
Antimicrobial activity of melanin: High levels of melanin extracted in Pseudomonas balearica strain U7 isolated from marine algae was only produced when there was a precursor known as L-tyrosine added into the minimal medium [46] . This study showed that melanin possessed antimicrobial activity against phytopathogenic strains, Erwina chrysanthemi and Erwina carotovora, as well as against S. aureus, E. coli and C. albican. In another study, crude melanin extracted from soil Streptomyces strain showed strong antibacterial activity against E. coli at the concentration of 1µl [75] .
Antimicrobial activity of violacein:
Among numerous biological activities studied on violacein, its antimicrobial activity stands out the most. Violacein extracted from C. violaceum ATCC 12472 had proven its excellent antimicrobial effect against S. aureus grown at exponential growth phase. Violacein had also strongly inhibited the formation of S. aureus biofilm but had no effect against mature biofilm [76] . Another study showed violacein exhibiting excellent bacteriostatic and bactericidal effects against biofilm-forming and non-biofilm-forming Staphylococcus epidermidis strains ATCC 35984 and 12228 [77] . Violacein also possessed good antimicrobial activity against the avirulent Mycobacterium tuberculosis H 37 Ra strain [78] . However, Mojib et al. later demonstrated that violacein from Janthinobacterium sp. Ant5-2 was efficient against avirulent M. tuberculosis with a much lower MIC value as compared to the previous study [79] .
A study on the combination of violacein with other antimicrobial agents such as gentamycin, cefadroxil, kanamycin and azithromycin were conducted to improve the effectiveness of their antimicrobial activities. Results of violacein-kanamycin and violacein-cefadroxil combinations exhibited low MIC values against S. aureus, while violacein-azithromycin and violacein-kanamycin combinations exhibited low significant synergy against S. typhi [80] . Another study was done on the combination of violacein with a bacterial predator, Bdellovibrio bacteriovorus HD100. As compared to the single effect of each antimicrobial agent, this combination had reduced the total numbers of a polymicrobial pathogenic communities consisting of S. aureus, B. cereus, multidrug resistant Acinetobacter baumannii and K. pneumonia [81] .
Antimicrobial activity of pyocyanin:
Pyocyanin is another valuable pigment that possessed antimicrobial activity against various pathogens. A previous study showed that pyocyanin was able to inhibit the growth of urinary tract pathogens; S. aureus, S. saprophyticus, S. epidermidis, E. coli and C. frundii [82] . In another study, clinical strains of K. pneumoniae and P. aeruginosa were resistant to pyocyanin while all Gram-positive bacteria and C. albicans tested were completely inhibited by pyocyanin [83] .
Bacterial pigments as anticancer agents
Cancer is a non-communicable disease and is one of the leading causes of morbidity and mortality in humans. To date, many anticancer drugs have been developed and are in the clinical trial stage. However, the major challenge in cancer treatment is due to the limitations, side effects and resistance towards the treatment and therapies [84] . Current research on anticancer drugs is focused on searching for newer and effective chemotherapeutic agents with lower to non-toxic effects. Various research on bacterial pigments as anticancer agents against different types of cancer have showed the potential of bacterial pigments as a promising anticancer agent.
Anticancer activity of carotenoids:
The first report on the novel red pigment produced by Athrobacter sp. G20 isolated from the Caspian Sea had showed anticancer effects on oesophageal cancer cell line (KYSE30) [7] . The methanolic extract of carotenoid from Kocuria sp. QWT-12 possessed anticancer activity with the IC 50 of 1 mg/ml against breast cancer cell lines MCF-7, 4 mg/ml against lung cancer cells and breast cancer cells (A549 and MDA-MB-468) and 8 mg/ml against breast cancer cells (MDA-MB-231) [85] . Hundred µg of carotenoid from Haloferax volcanii was able to kill 53.52% of human liver carcinoma cell lines HepG2 [86] . In another study on the yellow pigment from Streptomyces griseoaurantiacus JUACT 01, a significant cytotoxicity effect against cervical cancer cells (HeLa) and HepG2 cells were observed with low IC 50 values of 1.5 and 1.8 µg/ml, respectively. Moreover, cancer cells treated with this yellow carotenoid pigment had resulted in low number of viable cells, nuclear condensation, and the presence of apoptotic bodies and sheared DNA [87] .
Anticancer activity of prodigiosin: Another pigment such as prodigiosin can caused apoptosis in different tumors. The prodigiosin extracted from S. marcescens possessed strong anticancer and apoptosis effects on human cervical cancer cell (HeLa) and human laryngeal cancer cells (Hep2) [88] . Prodigiosin from Pseudoalteromonas sp. 1020R also showed strong cytotoxicity effect against U937 leukaemia cells. Besides that, prodigiosin congeners produced by Pseudoalteromonas sp. 1020R contained different lengths of the alkyl side chains and results had showed that the cytotoxicity effect depends on the length of the chain [89] . In another study, prodigiosin showed anticancer activity against MCF7 breast cancer cell lines based on MTT assay but failed to show any immunosuppression activity [90] . The first study on the effect of prodigiosin isolated from Vibrio sp. C1-TDSG02-1 in human oral squamous carcinoma cells (OSCC) showed that the pigment had efficiently caused cell cycle arrest in G 0 /G 1 phase and induced autophagy where the two mechanisms had led to the cell death of human gingival squamous carcinoma (OECM-1) and human tongue cancer (SAS) cell [91] .
The number of studies of prodigiosin against lung cancer was less reported. However, a previous study on GLC4 small cell lung cancer cell line showed that the mitochondria of the cells had released the apoptosis-inducing factor and cytochrome complex into the cytoplasm, which had caused apoptosis when the cells were exposed to prodigiosin treatment [92] . Another recent study showed prodigiosin was able to reduce the intracellular signaling pathway, Akt/PI3K-p85/mTOR in the cell cycle thus inducing apoptosis and autophagy in doxorubin-sensitive and doxorubin-resistant lung cancer cells. In the same study, the same pigment possessed tumoricidal activity in the in vivo assay [93] . Cycloprodigiosin hydrochloride (cPrG-HCl) is one of the prodigiosin member obtained from Pseudoalteromonas denitrificans. This pigment was able to inhibit the growth of 6 different liver cancer cells; Huh-7, HCC-M, HCC-T, dRLh-84, and H-35, hepatocellular carcinoma; HepG2, hepatoblastoma, and had significantly inhibited the growth of tumor in in vivo assays [94] . The main aim of combination therapies between natural compounds and chemotherapy drugs is to achieve better efficacy and to reduce toxicity. The first study on the combination of prodigiosin with the chemotherapy drug paclitaxel had enhanced the cell death of MCF7 breast cancer cells. Prodigiosin had sensitized breast cancer cells to paclitaxel in synergistic trend where the pigment efficiently down-regulated the survivin (a member of inhibitor of apoptosis) by paclitaxel [95] . A recent study on the combination of prodigiosin with another chemotherapy drugs, doxorubicin (Dox) against three different OSCC cell lines was done to determine the synergistic mechanism. Similar result was obtained in which the prodigiosin pre-treated cells had enhanced the sensitivity of cells towards Dox treatment [96] . The findings from these combination studies concluded that prodigiosin can be potentially used as adjuvant with chemotherapeutic agents, but the mechanism is still unclear.
Anticancer activity of melanin:
The black extracellular melanin pigments from Streptomyces glaucescens NEAE-H showed potent cytotoxic activity against HFB4 skin cancer cell line [97] . In a previous study, dihydroxyphenylalanine (DOPA) melanin produced by Streptomyces sp. MVCS6 was identified and characterized, and the cytotoxicity of DOPA melanin against cervical cancer cell line had showed a dose-response activity [98] .
Anticancer activity of violacein:
Several studies have shown that violacein from C. violaceum was capable of inducing cytotoxicity and apoptosis in Chinese hamster lung fibroblast V79 cells [99] and leukaemia cell lines [100, 101] . Moreover, violacein was able to induce apoptosis in colon cancer cells [102, 103] and human breast cancer cells through up and down regulation of important gene expressions [104] . The first in vivo study of violacein against Ehrlich ascites tumor (EAT) was done by Bromberg. In their study, violacein was not toxic to any major organs but showed antitumor activity on EAT, both in vitro and in vivo assays [105] .
Anticancer activity of pyocyanin: Pyocyanin is a major virulence factor produced by P. aeruginosa. Zhao et al. showed that pyocyanin had significantly inhibited HepG2 human hepatoma cells proliferation. Results from the study also showed pyocyanin inducing the apoptosis of the HepG2 cells [106] . Another study showed that pyocyanin from the mutant strain P. aeruginosa S300-8 was more potent in inhibiting the growth and inducing the apoptosis of pelvic rhabdomyosarcoma (RD) cells after 72 hours as compared to the wild type strain [107] . The overproduction of pyocyanin was achieved in the media supplemented with shikimic acid. Cytotoxicity assay showed pyocyanin exhibiting toxicity against glioblastoma cells (U87MG), depending on the concentration of pyocyanin tested [108] .
Bacterial pigments as antioxidants
The over production of free radical in the body will create an oxidative stress condition which increases the chances of occurrence of chronic diseases such as cardiovascular, cancer, neurological diseases, diabetes and autoimmune disorders [109] . Free radicals can be destroyed by antioxidants by donating electrons to a rampaging free radical and neutralizing them via their free radical scavenging properties [110] . Thus, the antioxidant resources must be constantly restored in the body. In the pharmaceutical industry, antioxidants are derived from either natural or synthetic sources. Synthetic antioxidant is most widely used, but lately have been losing ground due to the increasing documentation of possible adverse effects on human health [111, 112] .
Antioxidant activity of carotenoids:
Several studies have showed carotenoids extracted from bacteria such as Kocuira marina DAGII, thermophillic bacteria Meiothermus and Thermus strains exhibiting potent antioxidant activities [6] . Similarly, the carotenoids from an Antarctic bacterium Pedobacter possessed strong antioxidant capacity and protects against oxidative damage [113] . Another study had revealed that staphyloxanthin can protect S. aureus itself against oxidative stress [114] . The unique carotenoid, xanthomonadin had demonstrated the antioxidant mechanism of this pigment by inhibiting photodynamic lipid peroxidation in liposome thus offering protection against photodamage [35] . In another study, flexirubin, a bright red color carotenoid extracted from Fontibacter flavus YUAB-SR-25 had exhibited significant antioxidant against 2, 2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH), hydroxyl radical, nitric oxide and inhibition of lipid peroxidation [115] .
Two rare monocyclic C 40 carotenoids namely (3R)-saproxanthin and (3R, 2′S)-myxol, and two new C 30 carotenoids, diapolyconedioc acid xylosylesters and methyl 5-glucosyl-5, 6-dihydro-apo-4, 4′-lycopenoate were extracted from various rare and novel marine bacteria including Rubritalea squalenifaciens, Planococcus maritimus, and some novel species of the family Flavobacteriaceae.
Result from this study demonstrated that all rare and new carotenoids had possessed potent antioxidant activities [116] .
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Bacterial pigments as antimalarial agents
Malaria is an infectious disease commonplace in tropical countries and remains as one of the most significant health issues. Most antimalarial drugs were based on natural products, but since the 1930s, most of these drugs were replaced with a series of synthetic drugs [120] . Currently, there is an increasing resistance of this parasite to virtually all current drugs, including artemisinin is South East Asia, South America and East Africa [121] . Due to the widespread presence of drug resistance in the malaria parasite, the efficacy of currently available antimalarial drugs had drastically decreased. This calls for the identification of new therapeutic targets to combat malaria.
Antimalarial activity of prodigiosin & violacein:
A stable red pigment, cycloprodigiosin hydrochloride (cPrG-HCl) extracted from P. denitrificans had showed potent antimalarial activity in in vitro and in vivo assays as compared to the well-known antimalarial agent, chloroquine [122] . On the one hand, the purple violacein pigment was able to inhibit the growth of mouse-and humanderived Plasmodium parasites. The same study also showed that violacein was effective against young and mature forms of the human parasite and its activity extended to chloroquine-sensitive and -resistant strains of Plasmodium falciparum [123] .
Bacterial pigments as antiviral agents
Many virus infections had caused numerous human pandemic deaths and threatening humans worldwide. Regardless of the progress made in drug development, many viruses lack preventive vaccines and effective antiviral treatments. Currently, identifying novel antiviral drugs is of critical importance.
Antiviral activity of prodigiosin:
The biological activity of prodigiosin has been widely reported but to date, the antiviral effect of prodigiosin against human pathogenic virus has not been reported yet. However, an in-silico investigation on prodigiosin with the target protein of Hepatitis B virus genotype B2 (HBV), Human immunodeficiency virus (HIV), Hepatitis C virus (HCV), and influenza A virus (H1N1) was done [4] . Molecular docking result showed no binding interaction with the active site of HCV had occurred and this suggested a promising antiviral activity of prodigiosin against all type of virus tested except for HCV.
Antiviral activity of violacein:
The potential antiviral action of violacein was done against Herpes Simplex Virus type 1 (HSV-1), Poliovirus type 2 (PV-2), Simian rotavirus SA11 (RV-SA11), Hepatitis A virus (HAV) and adenovirus type 5 (AdV-5). At high concentrations of violacein (0.312 -1.25 uM), a weak inhibition effect was observed on HSV-1 and PV-2 replication [124] . Another study showed that violacein with 10% of deoxyviolacein possessed activity against herpes and polioviruses [125] .
The negative impact of synthetic dyes on human health, in which some have been classified as human carcinogens has led to increased efforts in the search for natural pigments. Currently, bacterial pigments are a good alternative source and are the focus of research for natural pigments due to its various advantages in terms of pigment stability, cost and cultivation technology. Bacterial pigments are not only used as coloring agents in food, cosmetics and textile industries, but are also applicable for therapeutic usage. Although extensive studies have been done to identify the bioactivities of these bacterial pigments, more efforts are needed to determine the mode of action and the potential of using the pigments as drugs for clinical treatments.
